Abstract The purpose of this work is to use 3D finite element analyses to compute bending of a hard disk suspension using a laser. The pitch and roll of the suspension can be precisely adjusted by producing a controlled amount of residual strain using the laser as a heat source. In the computational model, an uncoupled thermo-mechanical analysis is applied to calculate the laser induced thermal loading and mechanical deformation. The relation between suspension bending and laser parameters is studied based on extensive simulations. Bending resolution as high as 0.01°can be achieved. In addition, a data table is established where laser parameters, such as laser power and laser scan length can be found to correct a given pitch and roll of a hard disk suspension. Effects of uncertainties, such as sample thickness and material yield strength are also studied.
Introduction
Suspensions are the mechanical support and dynamic spring that holds the magnetic recording heads over the surface of a hard disk. It is the suspension assembly that allows the recording head to ''fly'' over the disk surface at a height on the order of nanometers.These suspensions have to be relatively stiff in lateral translation, but flexible in pitch and roll. A schematic of the hard disk suspension is shown in Fig. 1 . The dark part is the main part of the suspension and it is made of stainless steel, and is welded onto the thick base underneath it. Some imperfections of the suspension can occur as a result of manufacturing processes, mainly the pitch and roll angles. The pitch angle is defined as the angle rotating along the line A-A, and the roll angle as the angle rotating along the line B-B. A large amount of experimental and numerical work has been conducted to study suspension modeling and optimization (Wilson and Bogy 1994; Takahashi et al. 1998; Bogy and Zeng 1999; Frank et al. 2000; Kilian et al. 2003; Weissner et al. 2003) . However, little work has been done on high precision curvature or pitch/roll adjustment.
It is difficult to use traditional methods to produce high precision deformation to hard drive suspensions. On the other hand, laser-based microfabrication is noncontact, flexible and cost effective. The laser spot size can be reduced to the order of micrometers using optical lenses. Therefore, the heat-affected zone can be very small. Very often, laser-based microfabrication is the only technique capable to achieve high precision. For instance, laser was used to adjust the suspension preload (gram load) on the slider to change the flying height (Singh et al. 2001) . Recently, high precision laser bending for the hard drive read/write slider was demonstrated experimentally (Chen et al. 1998; Zhang and Xu 2003) . A bending precision better than 1 lrad was achieved.
Laser bending or laser forming is a technique of using the energy from a laser beam to modify the curvature of sheet metals or hard materials. Most laser bending processes involve the temperature gradient mechanism (TGM) (Chen et al. 1998; Zhang and Xu 2003; Geiger and Vollertsen 1993) . When the laser beam irradiates the specimen surface, it produces a sharp temperature gradient in the thickness direction, causing the upper layer of the heated material to expand more than the lower layers. This non-uniform thermal expansion causes the target to bend away from the laser beam. In the meantime, compressive stress and strain are produced by the bulk constraint of the surrounding materials. Because of the high temperature achieved, plastic deformations occur. During cooling, heat flows into the adjacent area and the stress changes from compressive to tensile due to thermal shrinkage. However, the compressive strain generated during heating is not completely cancelled. Therefore, the residual strain in the laser-irradiated area is compressive after the target cools, causing a permanent bending deformation toward the laser beam. This theory of laser bending has been confirmed by a number of studies by comparing experimental data with results of finite element calculations (Chen et al. 1998; Zhang and Xu 2003) .
This paper presents a 3D finite element calculation of laser bending of suspensions. The difference between this work and previous works (Chen et al. 1998; Zhang and Xu 2003) is that a much more complex geometry, i.e., the geometry of a suspension, is modeled to demonstrate the potential of using the laser bending technique in high precision curvature adjustment of a suspension. An uncoupled thermo-mechanical analysis is applied to calculate the laser induced thermal loading and mechanical deformation. The relation between suspension bending and laser parameters is studied based on extensive simulations. It is shown that undesired pitch and roll of a suspension can be corrected by choosing appropriate laser parameters.
Numerical modeling
In this paper, laser bending induced by the temperature gradient mechanism is calculated using 3D finite element models. A thermal analysis and a stress analysis are conducted. The two analyses are treated as uncoupled since the heat dissipation due to deformation is negligible compared with the heat provided by the lasers. In an uncoupled thermo-mechanical model, a transient temperature field is obtained first in the thermal analysis, and is then used as a thermal loading in the subsequent stress analysis to obtain transient stress, strain, and displacement distributions. The thermal analysis is based on solving the 3D heat conduction equation. The initial condition is that the whole specimen is at the room temperature (300 K). The CW laser flux is handled as a volumetric heat source decreasing exponentially from the target surface. The wavelength of the CW laser is 1.064 lm and the optical absorption depth of stainless steel at this wavelength is 2 · 10 -8 m (Zhang and Xu 2003) . Using the transient temperature data obtained from the thermal analysis as thermal loading, the transient stress, strain, and displacement distributions are obtained by solving the quasi-static force equilibrium equations. Details of thermal and stress analyses have been discussed elsewhere (Zhang and Xu 2003; Zhang et al. 2002) .
The material is assumed to be linearly elastic-perfectly plastic. The Von Mises yield criterion is used to model the onset of plasticity. Sensitivity of simulation results to the plasticity assumption has been studied (Chen et al. 1999) . Creep is neglected due to the short laser heating duration. Material properties of stainless steel 304 (which is the typical suspension material) including thermal conductivity, thermal expansion coefficient, density, yield stress, and Young's modulus are considered as temperature dependent (Maykuth 1980 ). Poisson's ratio is also considered as temperature dependent (Takeuti et al. 1979) .
The computational domain of the 3D finite element analyses of laser bending of suspension is shown in Fig. 2 . The thickness of the suspension is 20 lm. The total length from the end of the arm to the tip is 4.06 mm and the total width of the suspension is 1.68 mm. The suspension is modeled as a cantilever, which is clamped at the left end. The two 600 lm long regions (circled in Fig. 2 ) on the suspension arms are fine mesh regions, which are affected by laser irradiation. The maximum scan length is 200 lm and the 600 lm length is long enough for considering the laser heating and bending effect. The mesh is uniform in the x and y directions and the element sizes are increased by stretching in the z-directions. Eight-node 3D solid elements are applied in the analyses. The number of element in each of the fine regions is (in x, y, z): 60 · 15 · 8. The total element number is 57,808. Mesh tests are conducted by increasing the number of elements until the calculation result is independent of the mesh density.
The left ends of suspension arms are completely restrained and no other boundary restrain is applied. Two CW laser beams scan the arms of the suspension along the center line of each arm and in the negative x-direction, starting from point ''A'' as shown in Fig. 2 . The scan lengths are the same if only the pitch of suspension needs to be adjusted. To adjust the roll of suspension, different scan lengths are applied onto the two arms.
The CW laser parameters used in the simulation are listed in Table 1 . The non-linear finite element solver, ABAQUS is employed for the simulation.
3 Results and discussion Figure 3 shows the temperature distribution at the moment 46 ls from the beginning of laser scanning. Two identical laser beams scan along the negative x-direction as shown in Fig. 2 . The power of each laser beam is 20 W and the scan speed is 2 m/s. Other laser parameters are as listed in Table 1 . The peak temperature obtained is 1396 K, lower than the melting point of stainless steel. Figure 3b shows the details of the heataffected zone on one of the arms. The center of the laser scan area has the highest temperature. The heat-affected zone in the y-direction is about 100 lm, which is slightly larger than the laser beam diameter, 80 lm. Figure 4 is the temperature profile along the thickness direction (the z-direction) with the x and y position at 2580 and 75 lm, respectively. The temperature gradient within 10 lm depth is about 70 K/lm. This sharp temperature gradient causes non-uniform plastic strains in the target and the permanent bending deformation after laser heating. The residual plastic strain e xx distribution, which is responsible for bending after the complete scanning of 100 lm is shown in Fig. 5 . As predicted by the temperature gradient mechanism, the compressive strain component along the x-direction is produced after the laser scanning. The compressive residual strain e xx on the top surface implies that the suspension bends upward.
The permanent off-plane displacement w (suspension deflection) after laser scanning is shown in Fig. 6 . It can be seen that suspension bends in counter-clockwise (upward) direction after laser scanning. Due to the identical laser scanning in both arms, only a pitch angle is produced. The deflection of the suspension tip is 11.94 lm, which is calculated to be 0.394°in term of the pitch angle (The distance between the tip and the constrained position is 1.73 mm).
Different imperfections, i.e., different combinations of pitch and roll, occur during suspension manufacturing. Therefore, different laser parameters are needed to correct the imperfections. In this work, the correlation between the bending angle (pitch) and the laser power is studied first. Five levels of laser power from 10 to 20 W are chosen and the scan length is fixed at 100 lm. The results are shown in Fig. 7 . The solid dots are calculation results and the dashed line is the second order polynomial fitted curve, which can be expressed as:
where a is the bending angle (degree) and P is the laser power (W). According to Fig. 7 , an appreciable bending is obtained when the laser power is higher than 10 W with the scan length of 100 lm. The reason that a laser power lower than 10 W does not generate bending is that the peak temperature achieved is not high enough to cause plastic deformation, which is responsible for permanent bending. To achieve larger bending angle, one can use higher laser power, and an angle as large as 0.4°can be obtained with the laser power of 20 W. The peak temperate achieved using 20 W laser power is 1396 K. Using a laser power higher than 20 W while maintaining the same scanning speed will have the risk of damaging the suspension surface.
The correlation between the bending angle and the laser scan length is studied next. The laser power is fixed at 20 W and four scan lengths are used: 50, 100, 150, and 200 lm. This laser power and scan length range are chosen because they can produce or correct the amount of pitch found in most suspensions imperfections. The results are shown in Fig. 8 . The solid dots are calculating results and the dashed line is the linear fit, which can be expressed as:
The maximum bending angle obtained at the scan speed of 2 m/s is 0.926°. The corresponding laser power is 20 W and the scan length is 200 lm. By interpolation between the scan length of 50 and 200 lm, the scan length required for adjusting a given pitch between 0.2 and 0.9°can be found.
In summary of the above simulation results, it is found that the pitch angle without roll can be produced using identical laser scanning lengths in both suspension arms. Larger laser power and longer scan length will produce a larger bending angle.
The same procedure is used to calculate the roll angle by using different laser scan lengths in the two arms. It is necessary to point out that pitch is always produced along with roll during laser scanning, although pitch can be produced alone without roll. For an actual piece of suspension, it has both pitch and roll, which are needed to be corrected by laser bending technique. Therefore, a data table will be useful if one wants to determine the laser parameters for a given pitch and roll of the suspension. Extensive simulations are performed using the same laser power of 20 W but different scan lengths in the two arms. Again, this laser power is used since it can adjust the most pitch/roll combinations found in a suspension. Table 2 summarizes the resulting pitch and roll for each case. The pitch angle toward laser beam is defined as positive sign. The sign of the roll angle are determined by the right hand rule.
As shown in Table 2 , a pair of symmetric (identical laser parameters and scan lengths) scans always gives a pitch angle only whereas a pair of scans with different lengths gives pitch and roll angles simultaneously. The largest pitch can be induced is 0.926°and the largest roll is 0.11°. According to this table, data interpolation can be performed and a matrix of pitch and roll produced by laser scanning can be established. Contours of pitch and roll angles are plotted after the data interpolation as shown in Fig. 9 . For a given set of pitch/roll, one needs to first find the two curves corresponding to the pitch and roll, and then find the interception point of these two curves to determine the two scan lengths. These two scan lengths are the predicted laser scan lengths for correcting the given pitch/roll.
The effects of uncertainties are also studied. Sample thickness and material yield strength are the two of the most common uncertainties in a suspension. In this work, we study the deviation with the difference in thickness of ±1.5 lm and the yield strength of ±10%. The simulation results are summarized in Table 3 . The same laser power of 20 W is used. Four different scan lengths with different thicknesses or yield strengths are calculated. According to this table, the pitch and roll increase when the thickness and yield stress decrease and the pitch and roll decrease when the thickness and yield stress increase. From bending theory it is known that the bending angle is approximately inversely proportional to the square of the specimen thickness. From the calculation, it is found that if the thickness is reduced from 20 to 18.5 lm, which is 92.5% of the original value (20 lm), the bending angle is increased by about 17%, which agrees with the theory. The effect of the yield stress can be understood as that a larger plastic strain will be produced with a lower material yield stress under the identical load condition, and consequently a larger bending angle will be produced.
Conclusions
A 3D FEA model is employed to calculate laser bending of hard drive suspensions and extensive numerical calculations have been carried out. It is shown that bending resolution as high as 0.01°can be achieved.
With the laser power of 20 W and the scan length varying from 50 to 200 lm, the largest pitch/roll angles achieved in the laser bending are 0.926/0.110°. A larger range of pitch and roll angles can be obtained if a longer scan length is used. By interpolation between these results, a matrix of pitch/rollversus scan length is obtained. The 2D contours of pitch/roll are plotted according to the calculated matrix, which can be used to predict laser scan lengths for correcting the given pitch/ roll imperfection. The effect of uncertainties, such as the sample thickness and the material yield strength, are studied and it is found that a smaller thickness and yield stress increases the pitch and roll. 
